Handheld infrared CO2 gas detector by Coetzee, George
 i
HANDHELD INFRARED CO2 
GAS DETECTOR 
 
 
by 
 
George Coetzee 
 
 
submitted in compliance with the requirements for the 
 
 
 
Magister Technologiae: 
 
Engineering : Electrical  
 
 
In the Faculty of Electrical and Mechanical Engineering 
 
 
PROMOTERS: 
 
Mr P. Millroy and Mr T. van Niekerk 
 
 
 
 
October 2000 
 
 
 
 
 
 
 ii 
 
Declaration 
 
 
I declare that this dissertation is my own work and that all sources used or 
referred to have been documented and recognised. It is being submitted for the 
Master’s Degree in Electrical Technology. It has not been submitted before for 
any examination. 
 
 
 
 
 
 
 
 
 
 
 
 
___________      October 2000 
 SIGNATURE      DATE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iii
 
Acknowledgements 
 
 
I would like to thank the following people who have made the completion of this 
research project possible.  
 
My promoters, Mr P Millroy and Mr T van Niekerk for their continuous guidance, 
positive feedback and encouragement.     
 
Mr. Henning Els, for allowing me to use his laboratory at Lektratek 
Instrumentation, the time he spent with me in personal discussions and his 
continuous guidance. 
 
Mr. Deon Esterhuizen, for giving me access to documentation concerning the 
Mooi River catchment area.    
 
A special thanks to my family for their support, encouragement and patience 
during the duration of my studies. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 iv 
 
Abstract 
 
 
 
A handheld InfraRed (IR) Carbon Dioxide (CO2) gas detector was developed and 
used to carry out a study of water and urine samples in South Africa. The details 
of the model and the results of the study are discussed here. The overseas markets 
are not geared for the current South African conditions.   
 
Use is made of components  that can be obtained locally. Imported components 
are very expensive and should an imported model be damaged, it has to be 
returned overseas to be repaired. As an illustration of this technology it was 
decided to perform research in water technology and then develope a handheld 
Infrared CO2 gas detector based prototype which would: 
 
• highlight the benefits of using handheld IR CO2 gas detectors; 
• be built locally; 
• be powered by a 12 Volt  supply; 
• be very easy to maintain; and 
• be cost effective. 
 
Experimental results on the accuracy and stability of the instrument formed part 
of this study. The IR CO2 Gas detector that was developed was used throughout 
the project as a prototype and testing vehicle for numerous designs.  It proved to 
be superior to the current imported commercial instruments in terms of size, cost 
effectiveness and user friendliness. A further advantage of the instrument is its 
robustness.   
 
 
 
 
 
 v 
 
Uittreksel 
‘n Draagbare Infrarooi (IR) Koolsuurgas (CO2) gas detektor was ontwikkel en 
gebruik om ‘n studie van water en urine toetse in Suid Afrika uit te voer. Die 
besonderhede van die model en die resultate van die studie word bespreek. Die 
oorsese mark is nie aangepas vir Suid Afrkaanse toestande nie. 
 
Gebruik is gemaak van komponente wat plaaslik beskikbaar is en vervaardig 
word. Ingevoerde komponente is baie duur, en sou die ingevoerde instrument 
beskadig word, moet dit teruggestuur word oorsee om herstel te word. Ter 
illustrasie van hierdie tegnologie was daar besluit om navorsing te doen in water 
tegnologie en dan ‘n draagbare Infrarooi CO2 gas detektor gebaseerde prototipe te 
ontwikkel wat:    
 
• die voordele van die draagbare IR CO2 sal uitlig; 
• plaaslik vervaardig sal word; 
• deur ‘n 12 Volt kragbron aangedryf word; 
• baie maklik is om te onderhou; en 
• bekostigbaar is. 
 
Eksperimentele resultate t.o.v. akkuraatheid, herhaalbaarheid van resultate, sowel 
as stabiliteit van die instrument het deel gevorm van hierdie studie. Die draagbare 
IR CO2 gas detektor wat ontwikkel is, het deurgaans die projek gedien as ‘n 
prototipe en toets medium vir verskeie ontwerpe. Dit het in alle opsigte beter 
presteer as die bestaande, ingevoerde kommersiële produkte, in terme van grootte, 
bekostigbaarheid en gebruikersvriendelikheid. ‘n Verdere voordeel van die 
instrument is sy robuustheid.    
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Nomenclature 
Absorbance,  A (not optical density, absorbancy, or extinction). Logarithm to the 
base 10 of the reciprocal of the transmittance, A = log10 (1/T). 
Absorption Band. A region of the absorption spectrum in which the absorbance 
passes through a maximum. 
Absorption Spectrum. A plot of absorbance or any function of absorbance 
against wavelength or any function of wavelength. 
Absorptivity, Molar (not molar absorbancy index, molar extinction coefficient, 
or molar absorption coefficient). Product of the absorptivity a and the 
molecular weight of the substance. 
Analytical Wavelength or Frequency. Any wavelength or frequency at which 
an absorbance measurement is made for the purpose of determining a 
constituent of a sample. 
Angstrom, A (not   ). Unit of length equal to 1/6438.4696 of wavelength or red 
line of Cd. For practical purposes, it is considered equal to 10-8cm. 
Background. Apparent absorption caused by anything other than the substance 
for which the analysis is being done. 
Baseline. Any line drawn on an absorption spectrum to establish a reference point 
representing a function of radiant power incident of a sample at a given 
wavelength or frequency. 
 
 
 
 
 xi
Beer’s Law (representing Beer-Lambert law). The absorbance of a homogeneous 
sample containing an absorbing substance is directly proportional to the 
concentration of the absorbing substance. 
Concentration. c. Quantity of the substance contained in a unit quantity of 
sample. (In absorption spectrometry it is usually expressed in grams or 
moles per litre). 
Frequency. Number of cycles per unit time. 
Infrared. The region of the electromagnetic spectrum extending from 
approximately 0.75 to 300µm. 
Micrometer, µm. Unit of length equal to 10-6 meter (not micron,µ). 
Nanometer, nm. Unit of length equal to one-thousandth of a micrometer. Almost, 
but not exactly equal to 10 angstroms (not millimicron, mµ). 
Radiant Energy. Energy transmitted as electromagnetic waves. 
Spectral Position. The effective wavelength or wavenumber of an essentially 
monochromatic beam of radiant energy. 
Spectrometer, Optical. Instrument with an entrance slit, a dispersing device and 
with one or more exit slits, with which measurements are made at selected 
wavelengths or frequencies within the spectral range, or by scanning over 
the range. The quantity detected is a function of the radiant power. 
Spectrometry. Branch of physical science treating the measurement of spectra. 
Transmittance,  T (not transmittancy or transmission). The ratio of the radiant 
power transmitted by a sample to the radiant power incident on the 
sample. 
 
 
 xii
Visible.  Pertaining to radiant energy in the electromagnetic spectral range visible 
to the human eye (approximately 380 nm to 780 nm). 
Wavelength. The distance, measured along the line of propagation, between two 
points that are in phase on adjacent waves; units A, nm and µm. 
 
Wavenumber. Number of waves per unit length. The usual unit of wavenumber 
is the reciprocal centimeter, cm-1. In terms of this unit, the wavenumber is 
the reciprocal of the wavelength when the latter is measured in centimeters 
in a vacuum.  
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CHAPTER 1 
 
1.1 Introduction 
 
The handheld Infrared (IR) Gas Detector provides accurate, rapid monitoring of 
ambient gases. It utilizes an “open cell” concept and does not require a sample 
system. The process version uses a “closed” sample cell, requiring a drawn 
sample system. The IR combustible gas detector is designed to detect combustible 
gases in the Hydrocarbon  (C-H) band. It will not detect Hydrogen (H2), Carbon 
Monoxide (CO) or any other gas or vapour not having Hydrocarbon bonds. The 
instrument may alternatively be sensitized to Carbon Dioxide (CO2), but will not 
respond to both combustible gas and CO2 within a single instrument. This model 
IR gas detector is a combination precision gas detector and transmitter used for 
ambient monitoring of the explosive levels of gases (C-H) or ambient monitoring 
of CO2 [Conley, 1972].  
 
This research has not been done to place a new science on the table, but is aimed 
at developing a new, improved and customized handheld instrument that can 
replace current imported products used in the SA industry. Furthermore, this 
product has the potential to penetrate international markets. Although the 
development is focused on the design and implementation of local electronic 
components, it also includes a unique design of the instrument enclosure 
arrangement. 
 
The IR energy from the IR source passes through two narrow band optical 
interference filters, a protective window and the sample gas in the “open cell”. 
The energy reflected by a mirror at the end of the cell and reflected back onto a 
solid state detector. The sample filter wavelength is chosen for its specificity to 
the combustible gases (C-H) or CO2, depending on application. These gases will 
absorb IR energy in proportion to their concentration. The reference filter 
wavelength is chosen for its non-absorbance of any gases or water vapor present, 
thus providing a true “zero” signal. 
 
 xx 
Synchronous detection, dual wavelength ratios and processing of both reference 
and sample signals are then performed. This procedure eliminates the drift and 
water vapour interferences generally associated with other combustible gas 
detectors. The IR detector automatically checks, verifies and sets “zero” three 
times a second, virtually eliminating zero drift.  Because detection of the gases are 
governed by discrete [Els, pers. comm., 1999], highly specific gas wavelength 
optical filters, span drift is also eliminated.  Neither field adjustments nor 
calibration are required. Since the IR detector /transmitter is specific and active 
with “fail-safe” features, false alarms are highly unlikely.  
 
The unit uses automatic gain control (AGC) in the detection process and has 
compensation circuitry for IR source aging, detector aging and the accumulation 
of dirt on protective windows. If the energy reaching the detector falls below the 
limit of electronic compensation, or an electronic malfunction occurs, a fault 
signal is transmitted, indicated by the output signal dropping to “0” mA, thus 
failing the “SAFE” condition [Els, pers. comm., 1998]. 
 
The signal is non-linear, following the Beer’s Law Curve. An output inhibit 
circuit is incorporated which precludes false alarms for approximately two 
minutes after initial turn-on, or fault alarm signal, or loss of power (during the 
time the fault alarm circuit is activated). The optics are easily cleaned after 
removing the rainshield or the process cell. No realignment or recalibration is 
required after optical cleaning.         
 
1.2 Problem Definition and Solution 
 
Good health is of paramount importance to the wellbeing, productivity and social 
stability of any community. Basic sanitation is therefore of vital importance. 
Effective sanitation is a worldwide problem, particularly in developing countries. 
The project is aimed at developing a handheld Infrared Carbon Dioxide gas 
detector that can be assembled and maintained locally.  Difficulties arise in the 
implementation of electronic components bought abroad, because of the exchange 
rate, the components are very pricey and the maintenance of such apparatus is 
 xxi 
costly and time-consuming. At present the overseas markets are not geared, nor 
are they devoted, to the problem surrounding circumstances in South Africa. 
 
Due to the rapid increase of the local population and a growing influx of alien 
populations from across the country’s borders, the traditional black townships are 
being swamped with occupants for whom there are insufficient water sources, 
sewerage networks and refuse removal [DOH, 1995]. 
 
Unfortunately the people who contaminate the streams and rivers, also use the 
same water for drinking and domestic purposes. This leads to health problems and 
even death [De Jager, 1998].   The informal street markets are a big concern as 
well because the correct infrastructure is not yet in place. Because of the lack of 
proper amenities for the vendors, use is made of more or less any place to 
defecate or urinate.  
 
Underdeveloped areas usually do not have the necessary amenities to dispose of 
the refuse or sewerage immediately. This creates a health risk to the population in 
that area, as well as the population as a whole. During periods of no rain, the 
faeces will dry quite fast and the urine will be absorbed by the ground or 
evaporate.  Serious problems arise when the rainy season approaches as this will 
enhance the dissolving of the faeces and the urine deposited in the topsoil, which 
will then percolate through the ground and so enter the water table [Antoni, 
1994]. 
 
In the case of flash storms falling, the water will have a fast flow-off to streams, 
rivers, dams and even into the sea. Contamination of any water in close proximity 
of the source of disposal is thus very high. If contamination is caused upstream of 
people lower down the stream or river, it is highly unlikely that the users of that 
water will be aware of the contamination until it is too late to take the necessary 
precautionary measures. The current 843 municipalities cannot cope with the 
great demands rising from the rapid expansion of housing and the informal 
settlements in the greater metropolitan areas [CSIR, 1991].  
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A new instrument has had to be designed to fulfill all the current water pollution 
needs in the rural areas. The instrument must be accurate and reliable. It must be 
easy to operate without specialized training. Furthermore, it must also be in a 
competitive price range. The idea is to promote the acquisition of the handheld IR 
CO2 gas detector for backpackers, campers, municipal and divisional health 
departments.  
 
1.3 Aim of the Research 
 
The aim of this research was to develop a local and simplified Infrared CO2 gas 
detector which meets the demands of modern technology and which should also 
be able to measure the chemical process of organic material. The organic material 
emits CO2 gas that can be measured easily and reliably.   A prototype instrument, 
Fig. 1.1, that works from a 12-volt supply was developed to identify certain 
metabolic deviations present in the combustion of organic carbon in the CO2 
emission from urine. 
 
 
 
Figure 1.1: Photo of Handheld IR CO2 Gas Detector 
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1.4 Hypothesis    
 
Screening for an unknown inherited metabolic disorder tends to be rather 
expensive and very time-consuming. Guessing for a defective enzyme could be 
like hunting for a needle in a haystack, especially if no clinical abnormality of the 
patient is observed. 
     
The handheld IR CO2 gas detector, based on Beer’s Law, can provide constant 
and reliable information regarding the character of pollution levels in water, will 
be suitable due to widespread use, excellent maintenance support, built-in user 
friendliness and will deliver fast results necessary to design capabilities. 
 
Its ability to identify metabolic deviations through the combustion of organic 
carbon in urine or blood plasma, which emits carbon dioxide, is an improvement 
over existing and very costly techniques and instruments. 
  
1.5 Importance of Product 
 
To be able to analyze the demand for a new handheld IR CO2 gas detector, one 
has to bear in mind that the instrument is used as a water quality control 
instrument. In a speech to the National Assembly on the second reading of the 
National Water Act (Act No. 36 of 1998) on Tuesday 9 June 1998, Prof. Kader 
Asmal, Minster of Water Affairs and Forestry, said: 
  
“Water as a resource is fundamental to our economic lives: it sustains our 
agriculture, drives the turbines of our power stations, cools and cleans the mines, 
heats our offices, catalyses the processes of our manufacturing industry, washes 
down our taverns. And it will continue to do this. 
 
Our water policy says that our aim in managing water is not just to ensure 
equitable access to the resource, not a crude dividing up of so many buckets per 
person. Our aim is to extract and exact the maximum benefit to society from its 
use. We are  
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charged, together, to make wonderful music with the instruments our water 
allows us.” 
 
As the population increases, so development must increase to keep pace and 
supply this growing population with its needs. Human growth and the utilization 
of water are interactive. In the light of the above, there is a need to develop a 
handheld IR CO2 gas detector because of two current factors. Firstly, most of the 
gas detectors are imported and they are not portable. The turn-around time on 
service and repair of these instruments is between eight and twelve weeks. This 
results in instruments not being calibrated and serviced regularly. This also leads 
to additional costs since one has to keep similar instruments as backup stock, 
should there be an instrument failure. 
 
Secondly, the imported instruments are not customized for South African 
conditions and are very expensive. The imported instruments are also not 
compatible with the technology used locally. This means that the instruments are 
currently only used as laboratory equipment.         
 
1.6 Method of Research 
 
Research regarding this project has been conducted in four phases and is 
discussed in the following section. 
 
Phase 1: Feasibility Study 
 
The first phase in this project will be to identify the market and demand for a 
handheld IR CO2 gas detector. This will be done by establishing exactly who will 
use such an instrument and then make contact with the relevant people. It can then 
be established whether there is a demand for this product or not. Once the market 
is established, a supply and demand analysis will indicate whether this project is 
viable or not. 
 
 
 
 xxv 
Phase 2: Literature Study 
 
When entering a new field of development, all relevant available information 
should be studied to ensure that important aspects are not omitted during 
discussions. This will prevent unnecessary research and waste of valuable time.  
 
Phase 3: User Requirement Analysis 
 
Meetings with end users and Quality Control (QC) personnel must be held to 
identify and list all the relevant requirements and specifications for the project. 
Since this is a new development project, the specifications and requirements must 
be determined before the designing process begins. 
 
Phase 4: Final Design Proposal 
 
The final design proposal is presented for approval. All the requirements and 
specifications agreed upon, should be recorded in detail. Supply and demand, 
including the costs should be negotiated and agreed upon. This phase should be 
seen as the final opportunity to consider possible adaptations to the proposed 
design. The design is then implemented on the basis of the listed specifications 
and requirements. This includes the electronic hardware design and 
implementation, as well as the design of the watertight housing and frame for the 
product. 
 
1.7 Uniqueness of Project 
 
The project is aimed at developing a new instrument for the end user so that it 
incorporates all his requirements. The handheld IR analyzer is a revolutionary 
development, solving many problems associated with traditional combustible gas 
detectors simultaneously providing both technological and cost advantages. None 
of the existing instruments on the market comply with these specifications. 
Further advantages are a local product with excellent service and quick turn-
around times for sales and service.  
 
 xxvi 
1.8 Summary 
 
A problem description has been given in this chapter including an overall look at 
the problems and work has been done in this field. The techniques used for the 
purpose of this thesis and the motivation for choosing them, were introduced and 
discussed. 
  
Chapter 2 describes the theory of combustible gas detection and the 
characteristics of the Pyroelectric Detector. This chapter also discusses the 
theoretical relationships between frequency, temperature and spectral response. 
Chapter 3 discusses Beer’s Law, the absorption law, as well as Planck’s Law of 
Radiation, product specifications and user requirements. Chapter 4 discusses the 
specifications of the product and user requirements.  
 
Chapter 5 deals with the architecture and functional analysis of the system. 
Chapter 6 will discuss the plausibility and implications of the experimental 
evaluation of the instrument. Chapter 7 is a summary of the development and a 
discussion of direction for future research based on the proposed instrument in 
this thesis.  
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Chapter 2 
Pyroelectric Detectors 
  
2.1     Introduction 
 
The IR detector may be used to monitor either combustible gases (C-H) or CO2 
gas. This chapter discusses the theory of combustible gases in a specific spectrum 
of the IR band. The mathematical formula involved in calculating the combustible 
gas measurement as well as the parameters that have to be measured. The aim of 
the discussion is to provide an introduction to combustible gas detectors as well as 
the processes and theories associated with the process. 
 
Infrared radiation, discovered in 1800 by Sir William Herschel, are 
electromagnetic waves in the wavelength range extending from 0.75 µm, to 
1000µm between visible light and microwaves. All substances emit infrared 
radiation at a temperature above absolute zero. By detecting infrared radiation, 
non-contact measurements and IR imaging of factors such as temperature are 
possible regardless of whether it is day or night. Seen in this context, this chapter 
is presented to highlight CO2 gas detection as a design and operational factor 
[Button, 1986].  
   
2.2    Types of Infrared Detectors 
 
The infrared detector is a device that measures the infrared energy of the gas that 
has passed through the spectrometer. In one way or another these devices can 
change radiation energy into electrical energy that can be processed to generate a 
spectrum [Colthup et al., 1993]. 
 
There are two main types of infrared detectors: the thermal type and the quantum 
type. 
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The main features of the thermal type infrared detectors include responsivity with 
no wavelength dependence and operation at ambient temperature. However, 
response speed is slower and detectivity is lower than that of the quantum type. 
Examples of thermal detectors include thermopiles, bolometers, pneumatic and 
pyroelectric detectors. Quantum type detectors are classified into the intrinsic type 
and the extrinsic type of which the photoconductive cell is the most important 
type because it has a very rapid response and a high sensitivity. An example is the 
Mercury Cadmium Telluride (MCT) detector which is cooled with liquid 
nitrogen. Responsivity is wavelength dependent and, except for detectors for the 
near infrared range, these detectors are normally used with cooling [Colthup et al., 
1993].   
 
• Thermopiles are the oldest type of infrared detectors and utilize the thermo-
electromotive force generated between two different types of conductors. 
Both metals and semiconductors are used. 
• Bolometers are resistors that change in resistance when infrared radiation is 
incident.  
• Pneumatic detectors consist of two detectors: Golay cells and capacitor 
microphones. In the case of Golay cells, the xenon gas expands when it is 
warmed by incident infrared radiation. The resultant variation of pressure 
shifts a mirror located between a light source and a photocell, varying the 
amount of light entering the photocell and thus changing the output of the 
photocell. With capacitor microphones, the varying expansion of the gas 
affects the capacitor film, which in turn captures the variation of the 
electrostatic capacity [McLean, 1994]. 
 
• Pyroelectric detectors are used where infrared radiation is incident. 
Temperature changes are generated in the crystal. An electric charge is then 
generated on the surface of the crystal in accordance with the temperature 
variation [Mampaso et al., 1993].  
 xxix 
 
 
 
Figure 2.1 Typical Spectral Response of Infrared Detectors 
 
2.3 Construction of Pyroelectric Detectors 
 
The pyroelectric detector consists of a thin crystal such as deuterated triglycine 
sulfate (DTGS). The single crystal of LiTaO3 has a very high impedance. A field 
effect transistor (FET) for impedance conversion is built into the same TO-5 
package as shown in Figure 2.2. In characterizing a detector, a useful measure of 
sensitivity is the noise equivalent power (NEP), defined as the amount of 
radiation power that, when incident on the detector, produces an rms voltage 
output equal to the rms noise voltage output. The NEP depends on the bandwidth 
(1 Hz bandwidth) of the detector electronics [Button, 1983].  
 
The window material used determines the spectral response. As a result various 
spectral response characteristics are available. 
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Figure 2.2: Construction of Pyroelectric Detector 
 
 
2.4     Theory of Operation 
 
The single crystal of LiTaO3 is spontaneously polarized in the dark state. The 
crystal surface is always electrified, but it is neutralized by ions in the air. When 
light enters the crystal and is absorbed, the crystal temperature increases, resulting 
in a change in the state of spontaneous polarization [Lang, 1998]. Electrodes on 
the crystal face collect the charge so the device acts as a capacitor across which a 
voltage occurs. The amount of charge is sensitive to the temperature of the device.  
 
Since the pyroelectric detector detects light only when a temperature change in 
the LiTaO3 crystal occurs, it is necessary to use a chopper for measurements of 
still objects. Figure 2.3 shows a schematic presentation of the pyroelectric effect. 
Being a thermal device, it possesses an essentially flat wavelength response 
ranging from near infrared through to far infrared [Button, 1986].  
 
There are two ways to obtain the surface charge output from a pyroelectric 
element. One is voltage output and the other is current output. The more general 
way is the voltage output type using a source follower circuit as a trans-
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impedance circuit. In this case, the responsivity Rν of the pyroelectric detector is 
expressed as shown in the following equation.    
 
 
 
 
 
Figure  2.3:  Pyroelectric Effect 
 
 
 
 
η = Efficiency 
λ = Pyroelectric factor 
Ao = Sensitive area 
R   = Combined resistance 
G   = Thermal conductivity 
τt   = Thermal time constant 
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τe  = Electric time constant 
ω = Angular velocity 
 
 
2.5     Frequency Characteristics 
 
The typical frequency characteristic of pyroelectric detectors is shown in Figure 
2.4. Choosing the resistance Rg introduced in parallel to the pyroelectric crystal 
can widen the frequency characteristic. 
 
Figure 2.4: Responsivity vs. Chopping Frequency 
 
 
 2.6 Temperature Characteristics 
 
Typical temperature characteristics of pyroelectric detectors are shown in figure 
2.5. The temperature coefficient is less than 0.2 % / °C at 1 Hertz. Stability with 
regard to variations in ambient temperature is thus superb. 
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Figure 2.5: Temperature Characteristics of Responsivity 
  
  
 2.7 Field of View  
 
A light acceptable angle at which the output becomes 50% of the maximum 
responsivity is called the field of view (FOV). This is 100° for single element 
types and 120° for the dual element types. 
 
2.8    Spectral Response 
 
Since the pyroelectric detector is a thermal type of detector, there is no 
wavelength dependence. Only the window material used determines the spectral 
response range. Figure 2.6 shows typical spectral response characteristics of 
pyroelectric detectors.  
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Figure 2.6: Spectral Response Characteristics of Pyroelectric Detector 
 
 
2.9     Infrared Filters 
  
The CO2 molecules absorb light at a specific wavelength of 4.26 µm. This 
wavelength is in the IR range. High concentrations of CO2 molecules absorb 
more light than low concentrations. This technique is called non-dispersive 
infrared (NDIR) detection. The gas molecules diffuse into the chamber and the IR 
light is directed through the sensing chamber towards the detector. The detector 
has filters (cells) in front of it which eliminates all light except the 4.26 µm 
wavelength that CO2 molecules can absorb. Since other gas molecules do not 
absorb light at this wavelength, only the CO2 molecules affect the amount of light 
reaching the detector [Els, pers. comm., 1999]. 
 
The filters were constructed of silicon and sapphire. The filters are 1 mm in width 
and 12 mm in diameter and have bevels of 0.2 mm to 0.4 mm at the edges to 
prevent chipping. 
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The following specifications pertaining to each filter is given below. 
Transmittance and angle of incidence are represented by the symbols (T) and (Φ) 
respectively. 
 
• Filter 1 
Silicon substrate 
T < 1% between 3200 and 3650 nm 
T < 1% between 4250 and 6000 nm 
T = 50% between 3850 and 3950 nm 
T = 50% between 4000 and 4100 nm 
Half-width of peak between 130 and 170 nm 
Peak transmission greater than 75% 
ΦI = 0° 
 
• Filter 2 
Silicon substrate 
T < 1% between 3200 and 3950 nm 
T < 1% between 4600 and 6000 nm 
T = 50% between 4150 and 4250 nm 
T = 50% between 4300 and 4400 nm 
Half-width of peak between 130 and 170 nm 
Peak transmission greater than 75% 
ΦI = 0° 
 
 
 
 
• Filter 3 
Sapphire substrate 
T < 1% between 1000 and 3200 nm 
T > 80% between 3650 and 4600 nm 
ΦI = 0° 
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The intensity of 4.26 µm light that reaches the detector is inversely related to the 
concentration of CO2 in the sensing chamber. 
 
 When the concentration of CO2 in the chamber is zero, the detector will “see” the 
full light intensity. As the concentration of CO2 increases, the intensity of light 
striking the detector decreases. The exact relationship between IR light intensity 
and CO2 concentration is determined when the instrument is calibrated using pure 
nitrogen that has zero particles per million (ppm) of CO2 and a known 
concentration of CO2 such as 1000  ppm or 5000  ppm.     
 
2.10 Summary 
 
This chapter described the theory of gas analyses with specific reference to the 
parameters involved in detecting quality control. The discussion dealt with the 
theory concerning gas analyses as well as the technical and operating criteria and 
parameters. The filters described in section 2.8 had to be specially cut and 
polished which make them the most expensive parts of the instrument.  
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Chapter 3 
Quantitative Analysis 
3.1 Infrared Radiation 
 
In the infrared region of the electromagnetic spectrum the practical unit for the 
wavelength is 10–4 cm or 10-6 m. This unit has long been called the micron µ, but 
is now called the micrometer, µm.  Wavelength is a property of radiation, but not 
a property of molecules.  The properties that radiation and molecules have in 
common are energy and frequency. Molecular vibrations give rise to absorption 
bands throughout most of the infrared region of the spectrum [Klapper and 
Frankle, 1972]. 
 
Electromagnetic radiation is characterized by its wavelength λ (the length of one 
wave), its frequency ν (the number of vibrations per unit time), and its 
wavenumber ν (the number of waves per unit length).  The wavenumber ν, in 
waves per centimeter (cm-1), is related to the other parameters by    
 
where c is the velocity of light in a vacuum (2.997925 x  1010 cm/sec), and (c/n) is 
the velocity of light in a medium whose refractive index is n, in which the 
wavenumber is measured. The refraction index of air is 1.0003. The frequency v 
is independent of the medium and is expressed in cycles per second (sec-1) or 
Hertz (Hz), and λ is the wavelength in cm [White, 1990].  
  
 According to the quantum theory of the energy of a photon Ep is given by 
 
                Ep=hν    or    Ep=hcν                             (3.2)          
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where h is Planck’s constant, 6.6256 x 10-27 erg-sec, or 6.6256 x 10-34 joule-sec. 
This photon energy may be absorbed or emitted by a molecule in which case the 
rotational, vibrational, or electronic energy of the molecule will be changed by an 
amount ∆Em. According to the principle of conservation of energy   
 
 
If the molecule gains energy, ∆Em is positive and a photon is absorbed. If the 
molecule loses energy, ∆Em is negative and a photon is emitted. A commonly 
used form of Eq. (1.1) is 
 
 which reads: The wavenumber of the absorbed or emitted photon is equal to the 
change in the molecular energy term expressed in cm-1 (E/hc). The radiation from 
source materials is emitted in a distribution of wavelengths that are characteristic 
of the temperature of the material [Colthup et al., 1993]. These characteristic 
emission curves are similar to the curve shown in Fig. 2.6, and also to the curve of 
an ideal blackbody emitter as shown in Fig 3.1.  
   
 The wavelength dependence becomes critical as described in the law of 
blackbody radiation (Planck’s radiation law) shown in Figure 3.1 and the 
following relationship is established between the peak wavelength (λp) and the 
absolute temperature T (°K). 
  
                                                       λp • T = 2897.9                                                       (3.5) 
The radiation energy distribution of the object and the spectral detectivity of the 
detector determine the temperature range that can be measured by an infrared 
detector. The amount of radiant energy falls off very rapidly as a function of 
wavelength on each side of this maximum energy position. According to the 
Stefan-Boltzman law, the total radiation emitted varies as the fourth power of the 
temperature [Colthup, 1993].    
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Figure 3.1: Planck’s Radiation Law 
 
 
 
3.2 Beer-Lambert Law 
 
The law of absorption records the relative light intensity reaching the detector or 
the present transmission of the incident radiation through the sample. A 
relationship between the radiation reaching the detector and the concentration of 
the component in the solution is necessary before a quantitative analysis can be 
performed [Conley, 1972]. This relationship is generally known as the Beer-
Lambert law (it is sometimes referred to as the Beer-Bouguer law or simply 
Beer’s law).   
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If one considers the passage of an incident beam of radiation through a cell as 
shown in Fig 3.2, I represents the amount of radiation passing through a square 
centimeter of cell area per second. If we consider a small differential segment of 
the total cell, db, the decrease in the amount of radiation –dl passing across db 
will be proportional to the amount of radiation per second per square centimeter 
(I) available for absorption, and to the number of molecules capable of absorption 
of radiation in a square centimeter of the segment. Since the number of molecules 
capable of absorption per square centimeter of the segment is proportional to the 
concentration of absorbing molecules, c, and to db, the –dI(the absorbed 
radiation) should equal the product of the concentration c, segment length db, and 
the amount of radiation per square centimeter, I [Conley, 1972].  
 
 
Figure 3.2: Decrease in energy as a result of absorption 
 
In equation form, this can be summarized as 
 
                                                 -dI = a’cI⋅ db                                                     (3.6) 
 
where a’ is a proportionality factor whose value depends on the absorbing 
molecule at a particular frequency  (and, of course, the units used to express c and 
b). If one considers an actual spectrum of a substance, it is clear that a’ can vary 
with each given wavelength value; therefore, with c and b held constant, the curve 
obtained is a record of the change of this coefficient with wavelength. If one 
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integrates Eq. 3.6 to find the total decrease in the intensity of the incident 
radiation, Eq. 3.6 becomes 
 
 
Therefore 
 
If Io is the intensity, or radiant power of monochromatic radiation entering a 
sample, and I is the intensity transmitted by the sample, then the ratio I/Io is called 
the transmittance of the sample and is given the symbol T. The percentage 
transmittance (%T) is equal to 100T. If the sample cell has a thickness b, and the 
absorbing component has a concentration c, then the fundamental equation 
governing the absorption of radiation as a function of transmittance is  
 
 
The constant a is called the absorptivity and is characteristic of a specific sample 
at a specific wavelength. This equation using transmittance is usually transformed 
by taking the logarithm to the base 10 of both sides of the equation and replacing 
I/Io with Io/I to eliminate the negative sign:  
 
The term log10Io/I is given the symbol A and is called absorbance. The absorption 
law is commonly called Beer’s law and is usually written as function of 
absorbance as 
 
                                                  A = abc                                                          (3.10) 
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The product of the concentration c, and its thickness b, is a measure of the relative 
number of absorbing molecules in the IR beam. The absorptivity a is a constant 
specific for the substance at a particular wavelength and also varies with units 
used for b and c. The absorbance A is alternately given by  
 
 
Beer’s law is considered to be additive. In a mixture, the absorbance at a given 
wavelength or wavenumber is equal to the sum of the abc values for each 
component,
 
 
 
where the summation is over all the i components present. This implies that the 
radiation absorption by one component will not be affected by the presence of 
other components [Colthup, 1993]. 
 
Two conditions are implied in the derivation of Beer’s law. The first is that the 
resolution element being measured is monochromatic. What is actually measured 
is the intensity of a region of the spectrum that has a small spread of wavelengths, 
and if this is significantly wide compared to the width of the band being 
measured, Beer’s law may not hold. The second condition for linearity is implied 
in the previous paragraph; and that is, that the absorbtivity should not change with 
concentration [Farmer, 1974]. IR analyses often cover wide concentration ranges.  
 
If the concentration is low, similar solvent molecules surround the absorbing 
component. This change in the sample environment can affect the absorptivity. If 
for example, changes in hydrogen bonding occur, deviations from Beer’s law can 
be severe. If the cell thickness and wavelength are held constant and Beer's law 
holds, a graph of concentration versus absorbance for a single component will be 
a straight line. If beer’s law does not hold, the graph will be non-linear but can 
still be used for analyses [Colthup, 1993]. 
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In practice it makes little or  no  difference  whether  a  working  curve is  
completely linear. Unfortunately, for very accurate analyses of multicomponent 
mixtures where overlapping of absorption bands occurs, this method is not 
applicable, and more sophisticated methods must be used [Conley, 1972].                
 
    
 
Figure 3.3: Examples of absorbance versus concentration curves that do 
not strictly follow the Beer-Lambert relationship over a wide range (non-
ideal behavior). (A) Compound follows the Beer-Lambert relationship 
plus background absorption; A = Az + abc. (B) Compound exhibits non-
linear behaviour. The equation in (A) is followed only over a limited range 
(cy to cz). (C) Combination of (A) and (B). The equation of (A) is followed 
only over a limited range (cy to cz).   
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3.3 Infrared Spectra 
 
The basic components typical of all spectrophotometers are: (a) a source of IR 
radiation, which provides the incident illumination upon the sample to be studied, 
(b) a monochromator, which disperses the radiant energy into its many 
frequencies and (c) by means of a series of slits or apertures, selects the narrow 
band of frequencies to be examined by the detector. This latter component 
transforms the energy of the band of frequencies into an electric signal, which is 
amplified sufficiently enough to be recorded [Schmitt, 1991]. In a diagrammatic 
form these components can be seen as shown in Fig. 3.4. 
 
The signal-to-noise ratio determines the performance of the IR spectrophotometer. 
The noise depends primarily on the inherent thermal noise in the detector-
preamplifier system. The signal is proportional to a number of variables, 
including: 
 
• Transmission efficiency of the optical components 
• Area of the physical slit width 
• Energy of the source at the wavelengths of interest 
• Dispersion of the prism or grating. 
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Figure 3.4: Infrared spectra of CO2 in gaseous state 
 
 
The CO2 entering the detector will affect the analog output directly, because as 
the CO2 level increases, the output signal will rise from 4 mA towards 20 mA 
depending on the amount of CO2 gas present in the system. As the level of the 
CO2 gas drops in the system, the current will decrease to 4 mA. The filter that 
absorbs no CO2 at all will be in the range between 3900 nm to 4050 nm. This is 
referred to as the reference signal, whereas, the filter that absorbs the CO2 gas, is 
referred to as the sample signal. It covers the spectra wavelength between 4200 
nm to 4350 nm as can be seen in Fig 3.4. The third filter inside the detector 
housing spans the spectrum between 3800 nm to 4400 nm, covering both the 
reference as well as the sample wavelengths [Keyes, 1977]. 
 
 3.3.1 Photometric Accuracy 
  
Photometric accuracy refers to the ability of the pen recorder to record the true 
transmittance of the sample. In summation, it relates to the accuracy with which 
quantitative results can be obtained from band-intensity measurements. In 
addition to those parameters fixed by instrument design, four major factors must 
be recognized as influencing band intensities: 
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• Sampling limitations 
• Response versus attenuation and scanning speed 
• Noise 
• Stray radiation. 
 
Generally the limitations of samples are those that embody the ‘common sense’ 
operation of the operator in his experimental work, together with the inherent 
problems of chemical interactions and peculiar structural changes of compounds 
during sample preparations. The second factor affecting the response is 
attenuation (gain). The attenuation of the signal reaching the detector determines 
the amount of electric input actuating the servomotor that drives the pen. If the 
gain is too high, the pen will be put into oscillation; if too low, the spectrum 
recorded will be devoid of the details normally obtained from the spectral 
information. 
 
The third factor is noise. Significant variations can occur at the absorption 
maximum (peak height). In fact, these variations can be as great as the noise level 
generally encountered in the background between absorption bands. It is possible 
to minimize this by slowing down the response of the system, thereby smoothing 
out the noise fluctuations. 
 
The final factor, stray radiation, is radiation that strikes the detector, but which is 
of different wavelength or frequency from that being isolated by the 
monochromator. In qualitative analysis, strong bands appear to be shifted towards 
shorter wavelengths. In quantitative work, the indicated transmittance will be 
higher than it should be and will therefore affect the accuracy of the determination 
[Conley, 1972].        
 
Gas-phase IR spectra differ markedly from spectra obtained in the solid or liquid 
phases. The differences in the two spectra occur principally because the molecules 
are essentially free to rotate in the gaseous state and intermolecular interactions 
are at a minimum. In simple molecules the gas phase spectra are replete with fine 
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structure, corresponding to transitions in rotational energy levels [Button, 
1983;Conley, 1972].  
 
In the gaseous state, most molecules exhibit the highest attainable frequency for a 
given band at low pressure (presumably, this information is related to the isolated 
molecule). In determining structural differences in the examination of unknown 
materials, it is necessary to minimize the effects of the environment. Therefore, 
where possible, it is advisable to conduct measurements in nonpolar dilute 
solutions. With samples soluble only in polar solvents, polar-solvent data 
comparisons with knowns are used which are only soluble. 
 
3.4 Summary  
 
 
This chapter describes the theory of IR radiation with specific reference to the 
parameters involved in quantitative analysis. The discussion has dealt with the 
theory concerning IR spectra as well as operating criteria and molecular response. 
The following chapter summarizes  the  technical  specifications for accurately 
measuring the radiation, as well as the user requirements for the development of 
an advanced IR CO2 gas detector instrument.     
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Chapter 4 
 
Design Specifications for the CO2 Detector 
4.1 Introduction 
 
The previous chapter discussed the quantitative aspects and the parameters that 
have to be considered when designing an IR CO2 gas detector for it to be applied 
in the determination of structural information concerning organic substances. This 
chapter describes the technical design specifications as well as the user 
requirements for the instrument as a marketable product in terms of the 
packaging, durability, price and service considerations. 
 
4.2  Technical Design Specifications and Requirements 
 
As part of the Research and Development (R&D), all requirements were first 
listed. Before designing the IR CO2 gas detector, all the necessary requirements 
and specifications had to be identified, as it can be very costly to remedy any 
requirements omitted. Meetings with relevant end users were held to list as many 
opinions and ideas as possible. 
 
Since this is a new development, there are very few guidelines to follow. Thus, 
careful consideration was given to the listed items, so that only the final 
requirements remained. These requirements were then categorized as follows: 
what kind of hardware should be included and what data is required from the 
instrument. Once the requirements have been listed, the technical specifications 
were identified which have been determined by the design criteria. The following 
paragraphs discuss the requirements and specifications listed. 
4.2.1 Data Requirements 
 
The main function of the IR CO2 gas detector is to measure the carbon (C) 
content in a patient’s urine or blood plasma. Organic material like old tree roots or 
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dead fish give off carbon that is present in water and the less organic the material 
is, the more pure the water. Many metabolic disorders manifest very early after 
birth and could result in severe mental retardation or even death within a few 
days. An answer to the patient’s condition should therefore reach the medical 
practitioner as soon as possible. 
 
The development of the IR CO2 gas detector evolves around data requirements. 
In relation to the creatinine concentration in the sample, the carbon content could 
be an indication of abnormal metabolite levels. The instrument is used as a pre-
screening tool, helping the analyst in deciding whether further expensive and 
time-consuming tests should be conducted.     
 
4.2.2 Hardware Requirements 
 
Hardware is the electronic and mechanical equipment required to obtain the data 
needed by the user. This hardware can be divided into two main categories, 
namely electronic and mechanical.  The design criteria are developed around the 
user and data requirements. The user requirements for the instrument are: 
 
1. Compact, rugged and lightweight enclosures, allowing easy access for 
repair and maintenance 
2. Heat stabilized IR detector that significantly reduces temperature 
interference and improves accuracy 
3. A LCD display 
4. An operating manual. 
 
These requirements must be carefully planned, as changes are costly and time- 
consuming. A prototype electronic hardware design is recommended because of 
the extent of the circuitry that is required to meet the user data requirements. 
 
4.2.3 Technical Specifications 
 
Specifications must be listed before the design can commence. The design of the 
hardware must comply with these criteria. These specifications will determine the 
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validity of the accumulated data when using this instrument. Each part of the IR 
CO2 gas detector will be designed according to set criteria. The main components 
of this integrated system fall under the following headings: 
 
Measuring 
 
Sensor    Resistant to chemical substances 
Detection in an inert (no oxygen required) 
environment 
    Unaffected by high humidity 
    No false alarms from cross interference 
    No desensitizing from contaminating substances 
    Solid State infrared detection 
 
Gases Detected  CO2 or CH (customer-specified) 
 
Ranges    0 to 2 vol.% CO2 or 0-100% LEL, CH 
 
Repeatability   +/- 3% Full Scale ( FS ) 
 
Zero Drift   Less than +/- 5% FS non-accumulative 
 
Span Drift   Less than +/- 5% FS non-accumulative 
 
Response Time  Approximately 3 seconds 
 
Output Signal   4 to 20mA, into 800 Ohm max. 
 
Automatic Time   90 seconds on initial startup, or after loss of power 
Delay 
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Application 
 
Operating Temperature -40°C to 50°C (avoid direct sunlight) 
  
  
Sample Cell   Open to ambient 
 
 
Housing Material  PVC, Aluminum (optional) 
 
 
 
 
Electrical 
 
Power Supply   12V DC 
 
Charge Time   1.5 hours 
 
Charging Current  85mA DC 
 
Dimensions 
 
Size    160 x 115 x 55mm 
 
Weight    800grams 
 
These specifications will indicate the accuracy of the data recorded or calculated 
and also serves as an indication whether the equipment is still in a good condition 
or if failures occur. 
 
4.3 Marketing Requirements and Product Design 
 
4.3.1 Marketing Requirements 
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Most market requirements became evident during R&D phase. The high 
technology equipment already available on the market has given the users 
sufficient experience to know exactly what they require. Frustrations with lengthy 
and complicated manuals and instructions are minimized. The end users pointed 
out what their expectations of the new instrument were during a discussion on 
instrument requirements. The following criteria were discussed: 
 
1. Reliability and Durability 
 
The instrument must be of a high quality and durability to function in the 
field environment. A suggested guarantee on the material and 
workmanship to the original purchaser for a period of 1 (one) year unless 
otherwise noted should apply. 
 
2. Serviceability 
 
This is one of the most important requirements. Most of the combustible 
gas detector equipment is imported and has an expensive and poor backup 
service.  
Spares and accessories for the gas detector should be a stock item with the 
agents to ensure quick turnaround times. Suggested printed circuit boards 
exchange units would be an advantage. 
 
3. User Friendly 
 
The instrument should not require any specialized training. The operating 
manual that accompanies the instrument should be explicit and not contain 
too much technical detail. 
 
4. Compactness 
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The need is for a highly portable instrument that can be carried around 
easily. The instrument must fit into a rucksack to enable it to be carried to 
remote areas.   
 
5. Adaptability 
 
With continuous R&D on IR CO2 gas detection and processes, there is a 
need for this IR CO2 gas detector to be adaptable to accommodate future 
changes in standards and processes. 
 
6. Cost Effectiveness 
 
Price is always of major concern to any potential user. Details will not be 
discussed here, but a locally developed instrument with carefully designed 
circuits will definitely ensure a cost-effective product. 
 
The above-mentioned requirements concern the majority of end users as well as 
would-be-users or future users.  
 
4.3.2 Product Design 
 
Now that all the requirements and specifications have been listed, the instrument 
design can be planned and finalized. Figure 4.1 shows block diagrams of all the 
main hardware design blocks. The 4 mA to 20 mA output for proportional control 
is used in the design of the instrument for the purposes of this thesis.  
 
 
 
   
  (a) 
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  (b) 
 
Figure 4.1:  (a) Represents the block diagram connection between the power 
supply and the stepmotor. (b) Indicates the connections between the preamplifier 
and the integrator. 
 
Phase one of the design will be the preamplifier and power supply schematic, 
which is followed by the integrator schematic.  Phase two is the layout of the 
PCBs, frames and housings.      
The number of components on the Printed Circuit Board (PCB) influences the 
size of the housing, and the housing influences the layout of the PCB. The frame 
also has a specific form, which will in turn have an influence on the housing. The 
enclosure and PCB must have the necessary spacers and correctly aligned holes to 
fit the frame. 
 
All the relevant design hardware is manufactured in the third phase. Some of the 
manufacturing requires specialized equipment which is also time-consuming, like 
the PCB’s for the electronic components, the laser cutting of the mountings for 
the detector and filters. This time-consuming work should be addressed first. The 
fourth phase is the assembly and testing of the PCB’s. Phase five will be the final 
assembly and trial runs in the laboratory. 
 
4.4 Summary 
 
In this chapter the design specifications and requirements for the handheld IR 
CO2 gas detector are described. It is important to know exactly what is required 
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before the design can be started. Any changes after this step can be costly and 
time-consuming. It is also important to know the market requirements before 
starting a design. This could suggest that the design does not suit the user and can 
be rejected. The following chapter will discuss how the detector is integrated into 
the product. 
 
Chapter 5 
 
System Architecture and Functional Analysis 
 
5.1 Introduction 
 
This chapter describes the design and development of the handheld IR CO2 gas 
detector instrument. It is based on IR techniques described in chapter 2 and the 
relationship between IR radiation reaching the detector and sample concentration, 
described in chapter 3. The analogue 4 mA to 20 mA output is used for the 
purposes of this thesis. The design was based on the accurate and rapid 
monitoring of ambient gases utilizing pyroelectric detectors and associated 
electronics. 
 
5.2 Principle of Operation 
 
The wide band IR source, located in the detector housing, is activated by a 
constant voltage source obtained from the Switching Regulator Assembly (SRA). 
The IR energy from the IR source passes through interference filters and an 
optical window before entering the sample cell. The infrared energy entering the 
cell is absorbed at certain wavelengths as a result of the concentration of the 
specific gas being measured. The reflector assembly at the rear of the sample cell 
returns the energy back through the sample cell and the optical window, focusing 
the energy onto the IR detector [Qingming et al., 1997]. An important feature is 
that the principle described above can be divided into two separate modes of 
operation, namely: 
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5.2.1 Interference Filters    
 
Two interference filters are employed, one is a reference filter whose wavelength 
of peak IR energy  transmission  is  selected  such  that  no  absorption  takes 
place due to the sample  or   background  gases   or   contaminants.  The   second  
(analytical)  filter’s wavelength of peak transmission is selected to coincide a line  
 
 
 
 
Figure 5.1: Diagram indicating the interconnection of the flow manifold 
configuration 
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spectra that is absorbed specifically by the gas being analyzed, Fig. 3.4. The 
analytical signal is then compared with the reference signal. The analytical signal 
will vary as a result of the concentration of sample gas. This is in accordance with 
Beer’s Law while the reference signal will remain constant. 
 
5.2.2 Detector Signal 
 
The detector signal is amplified by a low noise pre-amplifier and routed to the 
processor circuitry. The signal goes into the processor through an AGC circuit 
and then to a synchronous detector indicated in Fig. 5.2. This compensates for 
source degradation, dirty optical windows and detector gain changes. The 
amplitude of the AGC signal is then threshold detected at a predetermined value 
to indicate that when the signal falls below a useful value, usually as a result of 
dirty windows which activate a “FAULT” signal. The signal is then routed to the 
output inhibit circuit. 
 
 
 
Figure 5.2: Detector circuit diagram 
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5.3 Open Cell Ambient Configuration 
 
The design features provide for a stable system unless a malfunction occurs. No 
periodic calibration and adjustments are required. Periodic system “checks” are 
recommended to ascertain overall system operation. The instrument has been 
laboratory calibrated and unless a change is desired, it should not be adjusted. If, 
after a “zero” and “span” check is performed as defined below, the unit does not 
meet specifications, it has to be re-calibrated.  
 
The nominal operation of the IR detectors should conform to the following: 
 
• No output will be observed until the internal timer has “run-out” 
(approximately two minutes) after turn on. 
• Being turned on the output should then immediately be within 5% of the final 
stability readings. 
• Within 5 minutes, the reading should be within a few percent of the final 
stability reading. 
 
If the above observations are made, no adjustments need be made, since it may 
take up to three hours to reach ultimate stability and accuracy. It must be noted 
that the detector may be used immediately after turn-on for the detection of 
hazardous levels of gases.  
 
5.3.1 Zero Check 
 
In order to check for correct functioning of the unit prior to commissioning it, a 
Zero and Span check must be performed. Without the presence of combustible 
gases, the unit output should be 4 mA, Direct Current (DC) +/- 0.8 mA. If the 
reading is not within specifications, first ascertain that no combustible gas is 
present. This can be done by passing pure dry nitrogen or other gases certified not 
to contain combustible gas into the cell. Ambient air may be used provided it can 
unquestionably be ascertained no combustibles exist. Since CO2 exists in ambient  
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air which may cause a “fault” reading, it cannot be used to measure “Zero” for 
CO2 detection applications. In that case, a certified, CO2-free gas, such as pure, 
dry nitrogen, is recommended for zero calibration. 
 
Sample flow rate is not important, but a high flow rate will provide a faster 
response time. At any rate, the sample cell must be “flooded” with sufficient 
calibration gas. 
 
5.3.2 Span Check 
 
After the “Zero” reading has been verified to be within +/- 0.8 mA, a span check 
must be carried out. Apply a known calibration (Span) gas to the unit. Flow rate is 
not important, but a relatively high flow (at least three hundred cc/minute) to 
“flood” the sample cell will allow more rapid stabilization of the reading. After 
the reading has stabilized, observe that the value is 20.0 mA +/- 0.8 mA. If the 
value is not between 19.2 mA and 20.8 mA, zero and span adjustments have to be 
made. The instrument  is  now  set  up for the continuous monitoring of gas. 
 
 5.4 Calibration 
 
The instrument has been completely calibrated for the range and gas indicated on 
the Calibration and Data sheet (Appendix A). However, should the instrument 
zero and span check not be within specified limits after an adequate warm-up time 
of at least 30 minutes, the zero and span instrument calibration procedure has to 
be used. Zero and span adjustments require opening of the explosion-proof 
enclosure. Prior to opening the enclosure, assure that the area has been made safe 
and that there are no combustible gases present. 
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5.4.1 Zero Adjustment 
 
The instrument is generally adjusted for zero output using a dry nitrogen gas 
sample. Other gases may be used if certified by the appropriate authorities not to 
have any combustible gases present. Adjust Zero control for 4 mA +/- 3%. This 
signal responds very slowly. All internal voltage and system outputs are 
referenced to the 4 mA to 20 mA output with an 800 Ω (Ohm) maximum load 
across the output points. The 4 mA and 20 mA potentiometers have been pre-set 
and should not be adjusted unless circuit board components have been changed. 
 
5.4.2 Span Adjustment 
 
After Zero adjustment, apply span gas and allow sufficient time for the sample 
cell to be completely purged of zero gases and the reading is stabilized. Now 
adjust the Span control for the desired full-scale output. Again apply zero gas and 
span gases, respectively, as before to double check the adjustments. (Typical gas 
responses are indicated in Figure 5.3 and 5.4, depending on the application). The 
Zero and Span adjustments conclude the instrument calibration. 
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Figure 5.3: Cell response to different concentrations 
 
The following concentrations are indicated on the graph in Figure 5.3 
 
    1. Ethane, LFL = 3.00% 
    2. Propane, LFL = 2.20% 
    3. Butane, LFL = 1.87% 
    4. Pentane, LFL = 1.39% 
    5. Hexane, LFL = 1.18% 
    6. Methane, LFL = 5.40% 
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Figure 5.4: Cell response to CO2 
 
 
The CH gases, the Lower Flammable Limit (LFL) or Lower Explosive Level 
(LEL) is defined as that concentration of combustible gases or vapour which, 
when ignited, will result in propagation of a flame front or an explosion. 
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5.4.3  Output Card Calibration 
 
The output card converts 0 to 5 VDC from the processor card to 4 mA to 20 mA. 
The output card has been calibrated at the laboratory and should not need 
calibration. Should a discrepancy be encountered, the following procedure should 
be followed.  
• Connect a voltmeter between the common (ground) testpoint (TP) and the  
0 to 5 VDC testpoint   
• Flow Zero Gas through the cell and adjust the Zero Control on the processor 
for 0.0 VDC 
• Adjust the 4 to 20 Zero for 4 mA output 
• Flow Full Scale Span Gas through the cell and adjust the Span Control on the 
processor for 5.0 VDC 
• Adjust the 4 to 20 mA Span for 20 mA output. Repeat the previous steps until 
no further adjustments are required. 
 
All of the above adjustments should be made after a stabilized reading is attained 
with sufficient gas flow through the sample cell.   
 
5.5 Stepper Motor 
  
In the IR spectra for gaseous CO2, the CO2 will only absorb a certain frequency 
of light because of a change of dipole moment in a temperature-sensitive ferro-
electric crystal, as in the pyroelectric detector. The detector can only measure the 
IR signal of one small patch of light from the photodiode at a time. Usually that 
patch will contain the IR signal plus some unwanted background. However, the 
IR background is bright (supplied by a constant light source) and variable 
compared to CO2 gas sources and therefore some method of measuring quality of 
the background level is needed very frequently to ensure that the correct amount 
of background can be subtracted. When comparing the normal attenuation of light 
to the attenuation of CO2 gas, an indication of the amount of CO2 gas present is  
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given. The ratio is exponential. Thus the greater the attenuation, the greater the 
mA output.  
 
Stepper motors are convenient for applications where a high degree of positional 
control is required. Many of the features required for precise motion control (such 
as direction, half or full stepping sequences, speed acceleration and position 
tracking) may be accomplished by software (see Appendix C), decreasing the 
amount of hardware needed and reducing the cost. In its simplest form, a stepper 
motor has a permanent magnet rotor and a stator consisting of two coils. The rotor 
aligns with the stator coil that is energized. 
 
 
 
 
 
Figure 5.5: Stepper motor control circuit 
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By changing which coil is energized, the rotor is turned. The direction of the 
current determines the polarity of the magnetic field and thus the angular position 
of the rotor. Winding two coils on the same bobbin in opposite directions and 
energizing only one winding at a time may reverse the magnetic polarity of a coil. 
 
The mechanical switches are replaced by switching transistors and controlled by 
digital signals from a microcontroller. Transistors are used to switch the current to 
each of the four-stepper motor coils and are known as unipolar mode of operation. 
The diodes are called fly back diodes and are used to protect the transistors from 
reverse biases. The windings are inductors, storing energy as a magnetic field. 
When the current is cut off, the inductor dispenses its stored energy in terms of 
electric current. This current attempts to flow through the transistor, reversely 
biasing its collector-emitter pair.  The diodes disperse this current without going 
through the transistors. A microcontroller can easily switch currents to the coils 
and hence control the position of the rotor. Moreover, a microcontroller (not part 
of this thesis) can time the duration the coil is energized and hence control the 
speed of the stepper motor in a precise manner.  The method used is called 
“chopping”. Very near the CO2 band (figure 3.4) there is a spectrum that absorbs 
no CO2, which is used as a reference. “Chopping” typically takes place at a 
frequency of about 15 Hz. The circuit diagram of the stepmotor that is responsible 
for the “chopping” action to obtain the difference between the reference and 
sample signals is indicated  in  Fig. 5.5.  The  output  signal  is  fed  to  a  phase-
locked amplifier with a reference signal from the “chopper” so that only the signal 
component representing the sample signal is amplified.  
 
5.6 Power Supply 
 
The power supply used consists of a Nickel Metal Hydride rechargeable battery as 
well as the electronic circuitry to condition its voltage output to a usable voltage 
level required by all the relevant components. The circuit diagram of the regulator 
is indicated in Fig. 5.6. The precision voltage regulator from Linear Technology,  
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was chosen (cost wise) for its output stability. This output can be used as a 
reference voltage. It is a low dropout regulator that requires a minimum of 12.4V 
to regulate at a 12V output. 
 
 
 
Figure 5.6: Voltage regulator circuit diagram 
 
 
The LM317 is used as a switching circuit that switches the TIP32 transistor on 
and off as indicated in the power supply circuit Fig. 5.7. The JP1 header that plugs 
into the PCB, receives an unregulated signal from the battery (which gradually 
discharges) that is then passed on to the inductor where it is smoothed before 
passing onto the 12V output. The regulator is a low power component with an 
external shutdown for the ON/Off circuitry. It has an internal current limit for 
protection against external component failure. The instrument is required to run 
consistently for a minimum of 10 hours on its own power source without the need 
for recharging. This implies that the total power dissipation for the shift will be 
less than 750 mAh. The battery recharges in approximately 1.5 hours.  
 
All passive components are perfectly surface mounted and of high temperature 
stability. Each active component has a de-coupling capacitor situated as close to 
the component as possible. This will minimize digital noise that will create 
distortion in the analog circuitry [Crecroft et al., 1993].   
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Figure 5.7: Power supply circuit diagram 
  
 
 5.7 Integrator 
 
A  source of  infrared  radiation, which  provides  the  incident  illumination upon  
the sample to be studied and a “chopper”, which disperses the radiant energy into 
different frequencies. The detector will then examine the narrow band of CO2 
frequency. This latter component transforms the energy of the band of frequencies 
into an electric signal, which is amplified enough to be recorded [Cooper, 1978].  
The circuit diagram of the integrator is indicated in Fig. 5.8. 
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Figure 5.8: Integrator circuit diagram 
 
 
The infrared signal coming from the lamp is focused on the sample and reference 
cells, respectively. The radiation transmitted through each cell is directed to the 
detector. In the first pass, the rotating filters are passing radiant energy from the 
sample onto the detector, in the next pass, it is passing radiant energy from the 
reference cell onto the detector. These signals are amplified and then passed on to 
the integrator (LM331) where the noise is first removed and subsequently the 
signal is converted from voltage to frequency.  
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Two frequencies appear, one representing the beam of light outside the CO2 band, 
the other inside the CO2 band. The signal is passed onto the sample hold where 
the signals are compared as mentioned previously. The voltage is thus converted 
to frequency, before being amplified and presented as a 4 mA to 20 mA current at 
the output [Smith et al., 1992]. The regulated 12V signal is converted to a fixed 
positive 8V supply and a negative 7V supply, thus enabling the different 
integrated circuits to be switched on.  
 
5.8 Preamplifier 
    
The design of amplifier circuits depends on the type of detector employed (Fig. 
5.9). Designs vary widely from manufacturer to manufacturer. In principle it is 
possible to examine the function of the amplifier in terms of the signal reaching 
the amplifier [Conley, 1972]. Generally the signal arising at the detector is small 
(in the range of 0.05 mV to 1.0 mV). This signal level is roughly the same as the 
stray signals that are picked up by the shielded cables leading from the detector to 
the amplifier. It is common to find a pre-amplifier placed as close as possible to 
the detector to prevent loss of signal.  
 
The preamplifier circuit is indicated in Fig. 5.9. The preamplifier raises the signal 
to such a level that any stray signals introduced beyond this stage will have an 
insignificant affect on it. The amplifier receives both the alternating signal from 
the detector and the stray signals from the cable. Any random signal arising from 
the circuitry (from detector to final amplification) is defined as noise. Noise 
includes thermal electronic motion (Johnson noise), fluctuations in resistors and 
fluctuations in the detector due to temperature changes. Since the noise consists of 
equal amounts of all frequencies, the amount of noise is proportional to the 
frequency band pass signal.  
 
 
 
 
 
 
 lxx 
 
Figure 5.9: Preamplifier circuit diagram 
On amplification, both the signal and noise will increase proportionally. By 
narrowing the band pass with a filter circuit, much of the noise can be removed. 
However, there is a point beyond which the signal is reduced as much as the noise 
caused by the filter. At this point, the signal-to-noise ratio is optimum for the 
amplification system. The signal-to-noise ratio therefore determines the accuracy 
with which one can read the signal at the recorder.            
 
5.9 Summary 
 
This chapter discusses the design of a handheld IR CO2 gas detector instrument 
based on the theory presented in chapters 3 and 4. The next chapter discusses the 
evaluation of the system. 
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Chapter 6 
Evaluation of the System 
6.1 Introduction 
 
The previous chapters in this thesis have given a detailed description of the design 
and construction of the handheld IR CO2 gas detector instrument. All previous 
designs of IR CO2 gas detectors are designed to be stationery instruments in the 
laboratory and not easily portable. This chapter focuses on experiments and the 
result obtained. A number of experiments will be described that are aimed at 
evaluating the instrument’s functionality.  
 
6.2 Evaluation Criteria 
 
Technical specifications of the gas detector instrument were described in chapter 
4. Most of the specifications are adhered to in the design phase by choosing 
components that are within the desired specifications. For example, the 
environmental specifications were met by using seawater resistant aluminum 
(standard) in the enclosure design, while the CO2 detector filters were constructed 
to provide the desired measurement accuracy.  
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Figure 6.1: The instrument in its original 
state. The peristaltic pump that serves all 
liquid flow lines is not shown. 
 
 
6.3  Experimental 
 
6.3.1 Experiment no. 1 
 
6.3.2    Instrumentation 
 
The instrument consisted of five main components, a peristaltic pump, inorganic 
stripper, UV cell, organic stripper and an IR detector. Very long tubing has been 
used on all flow lines. The path that a sample has to go before reaching the  
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organic stripper is several metres. Apart from the very long path, it has to manage 
through more than a dozen rough joints and travel through several different 
internal diameter tubings.  
 
Anyone familiar with High Performance Liquid Chromatography (HPLC) 
systems would know that this is very bad for repeatability as well as resolution of 
detection. Nevertheless, the instrument was working fine for it’s initial intend, and 
the first trial was made without many changes. Figure 6.1 shows a schematic 
diagram of the instrument. 
 
Standard orange-purple peristaltic pump tubings were used on all the flow lines. 
A HPLC pump was connected with a T junction on the sampling line, just before 
the peristaltic pump. 
 
The existing software on the instrument was inappropriate for multi-component 
analysis. The instrument only had an auxiliary socket with an output range of 10 
volt available for external signal recording. Computer based integration requires a 
1 volt output, so a chart recorder had to be used for recording signals. 
 
A Perkin Elmar 56 recorder was fitted directly on the output from the IR detector. 
Under normal working conditions, no baseline was obtained on the recorder. The 
recorder recorded a spiking baseline almost halfway up the width of the chart 
paper. Deactivating the rest of the instrument, and just purging oxygen through 
the IR detector’s flow cell, which had a zero baseline on the recorder.  
 
The IR detector was sensitive enough to detect even the very low carbon dioxide 
concentrations derived from the little organic matter still present in the distilled 
Milli Q water. To overcome this problem, a mass flow make-up gas was 
introduced to the gas flow line, just before it entered the IR flow cell. This had the 
gas from the organic stripper diluted so that the spiking baseline was blanked out. 
Figure 6.2 gives a schematic diagram of the system set-up. 
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Figure 6.2: The instrument as altered to obtain a zero signal 
baseline on the recorder.  The point where the make-up gas was 
introduced can be seen on the right. 
 
6.3.3 Experimental conditions 
 
Distilled Milli Q water was pumped into the system with the HPLC pump at a 
constant flow of 0.15 ml/min, the average flow rate for a narrow bore HPLC 
column. Samples were introduced by means of a Rheodyne injection port, fitted 
with a 20µL fixed loop. 
 
A carbon concentration range was made up by diluting volumes of ninety-six-
percent ethanol with diluted Milli Q water. 20µL of each sample was introduced 
into the system to obtain the results below. 
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 6.3.4  Results   
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Graph 1: Results from table 1 
 
6.3.5. Discussion 
 
The maximum height was not really of the area underneath the curve, but it was 
the only way of measuring the results at this stage. From the above table and 
graph, it is clear that there was a very wide variation on the peak height of each 
individual concentration measurement. The peaks took a very long time to elute 
and came out very spiking.   
 
Although the measuring technique was not very accurate, the data showed 
linearity from about 2.75 ppm to 7.0 ppm. Thereafter a plateau was reached. 
Sensitivity could thus be reached down to 2.75 x 10-6 g/ml of carbon content. The 
working range of the instrument was however very small, only 4.25 ppm. 
 
 
 lxxvii 
Satisfactory low concentrations were detected, but the instrument is not all-
capable for an on-line LC (Liquid Chromatography) detector. The long elution 
times would restrict discrimination between different components, and areas will 
also be super imposed. As expected, the reproducibility needs to be improved.     
 
6.4 Experiment no.2 
6.4.1     Instrumentation 
 
In an attempt to improve reproducibility, the sample inlet was moved from 
the peristaltic pump inlet side and fitted directly onto the inorganic stripper. 
 
6.4.2 Experimental conditions 
 
Distilled Milli Q water was pumped into the system with the HPLC pump at a 
constant flow of 0.15 ml/min. Samples were introduced by means of a Shimadzu 
Sil-10A autosampler with system controller, fitted with a 50µL fixed loop. 
 
Diluting volumes of made up a carbon concentration range ninety-six-percent 
ethanol with distilled Milli Q water. 20µL of each sample was introduced into the 
system to obtain the results below. 
 
6.4.3 Results    
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Graph 2: Results from table 2 
 
6.4.4 Discussion 
 
From the above table and graph, it is clear that there was still a very wide 
variation on the peak height of each individual concentration 
measurement. The peaks came out very spiking again and had very long 
elution times. Due to the spiky peaks, the measuring technique was not 
very accurate. However, the data showed linearity from about 3.5 ppm to 
7.9 ppm. Thereafter a plateau was reached. This region had a correlation 
coefficient of r = 0.9710. 
 
Sensitivity could thus be reached down to 3.539 x 10-6 g/ml of carbon content. 
The working range of the instrument was however still very small, only 4.4 ppm. 
Moving the HPLC inlet from behind the peristaltic pump directly onto the 
inorganic stripper did not have any meaningful effect. 
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6.5 Experiment no 3 
6.5.1 Instrumentation 
 
A coloured solution was sampled to try and get an answer to the problems on 
reproducibility. It was observed that the solution accumulated at the re-sampling 
point for a very long time. The sample was also diluted at this point. To solve the 
problem, using two of the peristaltic pumping lines instead of one doubled the re-
sampling rate. 
 
6.5.2  Experimental conditions 
 
Distilled Milli Q water was pumped into the system with the HPLC pump at a 
constant flow of 0.15 ml/min. Samples were introduced by means of a Shimadzu 
Sil-10A autosampler with system controller, fitted with a 50µL fixed loop. 
 
A carbon concentration range was made up by diluting volumes of ninety-six-
percent ethanol with distilled Milli Q water. 20µL of each sample was introduced 
into the system to obtain the results below.  
 
6.5.3 Results 
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Graph 3: Results from table 3 
 
6.5.4  Discussion 
 
The data from table 3 yielded a sigmodial curve. The loss at the low concentration 
could be due to the poor reproducibility of the instrument. Doubling the re-
sampling rate, enhanced the flow through the UV cell. The sample had less time 
for exposure to UV light, which can also explain the lower response values. 
Graph 4 below shows a comparison of values obtained from experiment 1, 2 and 
3. None of the changes so far resulted in any significant improvement. 
 
Something did however come up in experiment 3 that was very helpful. While 
running the standards, one of the re-sampling tubings came loose. This resulted 
that the flow line was debubbled before entering the UV cell. From the UV cell 
outlet there was a constant flow into the organic stripper. Although the response 
was much smaller for each carbon concentration, the peaks were smoothened out. 
 
Although no major improvements have been reached, a very important problem 
has been identified in this experiment. Debubbling the flow line before reaching 
the organic stripper will result in more representative curves. 
  
It was seen in this experiment that the inorganic stripper was a point of trouble. 
As the instrument was originally developed to analyze wastewater as well, an 
inorganic stripper was needed to determine the inorganic carbon content of 
samples separately. Dealing with physiological fluids only, there is no real use for 
this component. To shorten the path a sample has to go, this component can be 
illuminated. 
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Graph 4: Results from tables 1, 2 and 3 
 
 
6.6 Experiment no. 4 
 
6.6.1 Instrumentation 
 
The inorganic stripper was taken out. The HPLC inlet was fitted at a point just 
before the persulphate was added. Figure 6.3 shows the new system set-up 
schematic. 
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Figure 6.3: The HPLC pump installed. 
 
6.6.2 Experimental conditions 
 
Distilled Milli Q water was pumped into the system with the HPLC pump at a 
constant flow of 0.15 ml/min. Samples were introduced by means of a Rheodyne 
injection port, fitted with a 20µL fixed loop.  
 
A carbon concentration range was made up by diluting volumes of ninety-six-
percent ethanol with distilled Milli Q water. 20µL of each sample was introduced 
into the system to obtain the results below. 
 
6.6.3 Results 
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Graph 5: Results from table 4 
 
 
6.6.4 Discussion 
 
The lowest carbon concentration so far was detected. This confirmed the 
suspicion that much of the sample was diluted at the re-sampling point of the 
inorganic stripper. 
 
 
6.7 Experiment no. 5 
 
6.7.1 Instrumentation 
 
In the third experiment it was seen that debubbling the persulphate flow line, 
before it entered the C02 reaction vessel, resulted in smoothened peaks. This 
proofed that a constant flow into the organic stripper would take out the spiking 
peaks. In order to get this constant flow, the persulphate solution was pumped 
directly into the system with the HPLC pump at a flow of 1.0 ml/min. The 2.5 
mm ID quartz glass coil around the UV lamp was taken out and replaced with a 
1.58 mm OD x 0.3 mm ID x 2 m Teflon® tubing. 
 
At first, no peaks were detected. Even the larger carbon concentrations did not 
result in any signal. Blocking the IR flow cell outlet for a few seconds, however 
resulted in a very clear signal. The baseline was shifted up enormously. It was 
clear that the CO2 dispersed so quickly in the flow cell that no peaks generated 
could be seen by the detector. 
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Placing some kind of resistance at the flow cell outlet would cause each gas 
volume entering the flow cell to stay closely intact. A 0.020” ID x 500 mm 
PEEK® tubing was fitted at the flow cell outlet. This resulted in that oxygen flow 
through the entire system could be fine controlled by pressure. Figure 6.4 shows 
the effect of resisting the IR flow cell outlet. 
 
With all these adjustments made, it was hard to obtain a proper baseline without a 
very high oxygen flow rate. Some standards injected showed that only very high 
carbon concentrations were detectable, in the order of 20 ppm and higher. With 
the air flow set at a pressure of 0.1 kg/cm2, very broad peaks appeared. Increasing 
the pressure to 0.15 kg/cm2  resulted in better peaks, but heavy tailing still 
occurred. With a pressure of 0.2 kg/cm2  resolution of the peaks were reduced 
dramatically and all reproducibility  was lost.  
 
 
 
This showed that there was a very fine balance between the amount of oxygen 
needed to generate a certain volume of carbon dioxide and the gas flow rate 
through the IR flow cell, in order to detect this volume of carbon dioxide 
effectively. At this stage it was thought, if the amount of carbon dioxide generated 
from a sample volume could be increased, the gas flow rate could be increased as 
well. This in turn would result in sharper peaks without the loss in resolution. The 
one way to increase the amount of carbon dioxide generated, was to increase the 
persulphate concentration. The higher persulphate concentration resulted in an 
unexpected high and noisy baseline. This brought to mind to pre-treat the 
persulphate solution prior to use in order to get rid of the carbon content present 
in the Milli Q water. 
 
A volume persulphate solution was recycled through the system. Surprisingly the 
baseline did not decline, but inclined almost to the detector’s maximum ability. 
This showed that much of the potential carbon dioxide generated stayed solvated 
within the persulphate solution. With time however the baseline started to decline 
very steady, but also very slowly, which confirmed that the carbon dioxide in the 
solvating started to work out with every passing cycle. Spraging the recycled 
persulphate solution heavily with helium, to get rid of trapped carbon dioxide, had 
the baseline remarkably reduced. The solution however lost its potency as no 
peaks were detected from samples injected. 
 
Another solution to the problem was to improve the stripper itself, so that more of 
the oxidized carbon in the solution could be stripped of carbon dioxide. On 
investigation by eye the persulphate solution streamed into the stripper with a 
constant flow. Most of it however, ran down the sides of the vessel instead of 
dripping from and over the glass coils. There was very little time for exposure of 
the solution to the oxygen passing by. To overcome this problem, a Pasteur 
pipette was fitted at the organic stripper inlet. The point of the pipette was led past 
the glass coils, right to the point of carbon dioxide collection in the stripper.  
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Figure 6.4: IR flow cell 
 
 
Two porous stainless steel frits, taken from a Whatman guard cartridge, were 
fitted into the tapered walls, which lead to the pipette tip. The persulphate solution 
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was pressurised by a jet, made from a 0.007” ID x 10 mm PEEK® tubing and 
lead in just above the first frit.   
 
The tip of the tubing was sharpened to prevent drops forming and ensured a 
constant stream spraying into the pipette. Figure 6.5 gives a schematic diagram of 
the organic stripper. 
 
 
 
 
Figure 6.5: Organic stripper 
 
 
A 1.58 mm OD x 0.3 mm x 50’ (16m) Teflon® tubing from Supelco was knitted 
around the UV lamp. In a coiled or knitted open tubular reactor, secondary flow 
patterns develop in the cross sections of the tubing. This enhanced the mixing of 
the persulphate solution with the sample. The solvent stream is continuously 
circulating in the cross section, so that all sides get equal exposure to the UV 
source. This means maximum UV exposure of the components analysed.  
 
Longitudinal diffusion is almost eliminated, but the secondary flow within the 
walls results in a better interaction between the persulphate solution and the 
components to be analysed. The secondary flow patterns in open tubing are 
illustrated in figure 6.6.  
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Figure 6.6:  The secondary flow pattern in the cross section of a coiled  
 tube is indicated by the arrows 
 
 
With these changes made to the stripper, a cloud of fine mist was created at the 
bottom of each frit as the solution was forced through by pressure (shown in 
figure 6.5). The reaction was so severe that all the organic components in the 
Milli Q water reacted as well and no baseline could be obtained. After several 
attempts by trial and error, only 5 m of the 16 m Teflon® tubing was exposed to 
UV light. With the shorter exposure time, the effect of the organic components in 
the Milli Q water became negligibly small. The persulphate flow rate was reduced 
to 0.5 ml/min and the gas flow rate was set at approximately 62 ml/min. 
 
6.7.2 Experimental conditions 
 
The persulphate solution was pumped into the system with a Shimadzu LC-9A 
HPLC pump at a constant flow of 0.5 ml/min. Samples were introduced by means 
of a Rheodyne injection port fitted with a 20µL fixed loop. Oxygen was 
introduced to the system at approximately 62 ml/min. Figure 6.7 shows the 
systems setup. 
 
A carbon concentration range was made up by diluting volumes of ninety-six-
percent ethanol with distilled Milli Q water. 20µL of each sample was introduced 
into the system to obtain the results below. 
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Figure 6.7:  UV cell and HPLC pump connected to IR detector 
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6.7.3 Results 
 
 
 
 
 
 
 
Graph 6:  Results from table 5 
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  Figure 6.8: The dead volumes where gas volumes accumulate are 
illustrated 
 
 
6.7.4 Discussion 
 
The sensitivity of the instrument was improved tenfold. The linearity over this 
small concentration range was very good. Although graph 6 does not show it 
clearly, table 5 shows that reproducibility was still a problem of main concern. 
This could have resulted from the large dead volumes in the stripper, as well as 
the concentration of the stripper. 
 
There are two points in the stripper that parts of carbon dioxide gas volume can 
linger for a while before finding it’s way to the detector. These points are at the 
very bottom of the vessel and the volume above the lowest point of the Pasteur  
 
pipette in the vessel. Depending on the amount of gas flow disturbances, the 
amount of carbon dioxide that accumulates in these places can vary dramatically 
with each sample. Figure 6.8 illustrates the problem. 
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6.8 Experiment no. 6 
 
6.8.1 Instrumentation 
 
A new stripping vessel replaced the organic stripper. This new vessel had a total 
volume of only about 10 ml and was uniformly shaped The volume between the 
gas outlet inside the vessel and the bottom of the vessel was approximately 2 ml. 
This reduced the dead volume inside the stripper dramatically. With the tapered 
walls towards the gas outlet of the stripping vessel, a much more even flow 
pattern was achieved. Figure 6.9 illustrates the new stripper. 
 
 
 
Figure 6.9: The smaller, uniformly shaped unit on the right replaced the 
old stripper on the left. 
 
 
6.8.2 Experimental conditions 
 
The persulphate was pumped into the system with a Shimadzu LC-9A HPLC 
pump, at a constant flow of 0.5 ml/min. Samples were introduced by means of a 
Rheodyne injection port, fitted with a 20µL fixed loop. Oxygen was introduced to 
the system at approximately 62 ml/min. Apart from the change to the stripper; the 
system set-up stayed the same as in figure 6.7. 
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6.8.3 Results 
 
 
 
A carbon concentration range was made up by diluting volumes of ninety-six-
percent ethanol with distilled Milli Q water. 20µL of each sample were introduced 
into the system to obtain the results below. 
 
6.8.4 Discussion 
 
Unlike expected from the new stripper, reproducibility of the results were very 
poor. This can however be explained by what happened inside the stripper. At 
first, the inlet tip to the stripper was fire polished. The fine droplets, derived from 
the stainless steel frits, crawled up the outside of the inlet tip, instead of falling 
immediately to the bottom. Only when a large enough droplet was formed on the  
 
outside of the tip, it was released to fall to the bottom. Once the droplet fell to the 
bottom, a greater surface area was exposed from which carbon dioxide could be 
stripped. 
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Graph 7: Results from table 6 
 
Secondly there were droplets forming on the inner walls of the stripping vessel. 
These droplets formed from the splashing of drops falling from the inlet tip as 
well as from the misty cloud inside the vessel. Once these droplets on the walls 
have grown big enough, they started running down the wall. A very thin film was 
formed at the tail of the running droplet, which again exposed a very large surface 
area from which carbon dioxide was stripped. Figure 6.10 illustrates the effect. 
 
 
 
Apart from problems on reproducibility, sensitivity at the lower detection limit 
was more than doubled. A sensitivity of 9.8 x 10-8 g/ml was reached. 
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Figure 6.10: Droplets forming on inner wall of stripping vessel 
 
 
6.9 Conclusion 
 
At first we need to see if the goals initially set could be reached: 
 
• Respond to solute concentrations over the range of  
      about 10-9 to 10-5 g/ml.                                                YES 
 
                       
• Have a linear response to concentration over at least 
      three orders of magnitude.                   No 
 
• Respond to solutes in the mobile phase, but be  
      insensitive to changes in mobile phase composition 
      or the mobile phase solvents themselves.      Yes 
 
• Be insensitive to changes in pressure, temperature  
           and flow rate.                                                           No & Yes 
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• Capable of discriminating between solutes eluting  
      only seconds apart.                                                 No 
 
• Stabilise and recover fast and effectively from  
           a signal overflow.                                                  Yes 
 
The instrument is well within the limits of the desired detectable concentrations at 
9.8 x 10-8 g/ml. Bearing in mind that this concentration was dispersed in 20µL 
solvent, the lower limit of 10-9 g/ml can easily be beaten when the sample is 
concentrated on an analytical column. 
 
A meaningful range of linearity could not be reached unfortunately. This 
restriction is dedicated to the electronic composition of the IR detector and the 
available recording devices, rather than the analytical techniques applied. The 
linearity range of the photo diode as well as the way in which the current from the 
photo diode is transmitted to a recording signal, determines the range over which 
the carbon dioxide could be measured. 
 
For the original instrument, analyzing total carbon content only, it was acceptable 
to work on the first plateau of the detection range. On this plateau with its low 
slope, the deviation in values obtained was relatively small to the kind of analysis. 
The new instrument needs to be working over a fairly large concentration range, 
thus the gradient is very important. The higher the slope, the bigger the response 
 
 increase for every concentration increase and thus the more accurate the 
response. To overcome the problem with a small linearity range is therefore 
merely a matter of better electronic engineering on the detector, together with 
computer based software manipulation of the signals. 
 
As long as no organic components are used for mobile phase composition, the 
detector responds to any component containing a carbon molecule, but is 
insensitive to the mobile phase itself. Changes in temperature do not affect the 
detection. The effect that pressure pulsation would have on the detector can not be 
answered yet. The inlet from the HPLC and the persulphate stream would need to 
have the same laminar flow rate in order to obtain maximum resolution and 
minimum band dispersion. If the flow rate of the persulphate is smaller than that 
from the HPLC inlet, components eluting only split seconds apart would catch up 
with each other and discrimination will be lost. Flow rate might hence be critical, 
although there are many techniques to achieve equal laminar flow with a constant 
persulphate flow rate. 
 
The higher concentrations took thirty-six (36) seconds to elute. The sample was 
spread over 281.61 mm in the Teflon® tubing. At a flow rate of 1 ml/min this 
volume took 2.4 seconds to enter the stripper. If a sample, that contains 0.75 µl/ml 
carbon in a 20 µL sample is concentrated on an analytical column to be present in 
a 0.015 µl fraction only, it would take only 1.8 thousands of a second to enter the 
stripper. This still has to be confirmed by analysis, but if true, discrimination 
within split seconds can be reached as well. 
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Detector overflow was not a problem at all. Once a carbon concentration, too high 
to measure, is dumped into the stripper, the excess carbon dioxide is displaced 
through the IR flow cell just as fast as any other gas volume. Once the excess gas 
is displaced, the detector is ready to detect the next carbon dioxide volume again. 
 
 
The sensitivity of the instrument was improved from 2.75 x 10-6 g/ml to 9.8 x 10-8 
g/ml. The complex carbon dioxide reactor was simplified to a two component unit 
only. Although no multi component analysis could be made yet, it would not be 
very hard reaching the final goals with the instrument, to be a complete stand 
alone HPLC detector.    
  
Chapter 7 
Summary and Recommendations 
 
7.1 Conclusion 
 
The aim of the work presented in this thesis is the design and implementation of a 
customized handheld IR CO2 gas detector that has been successfully developed 
and used to detect CO2. The amount of CO2 detected is an indication of the 
carbon in water or urine. It has been found that the higher the pollution levels the 
more carbon is present. The IR analyzer is truly a revolutionary development, 
solving the many problems associated with traditional combustible gas detectors, 
while providing both technological and financial advantages. 
 
Recent market research has shown that there is a need for new handheld IR CO2 
measuring equipment that is more applicable to health services. The current 
equipment that measures these processes answered the need up to a few years ago, 
but due to the rise in health problems, the need for a cost-effective handheld 
product has developed. In this study, an instrument was designed and built to 
implement both the theoretical and practical design of the detector. The detector 
was developed in four phases, namely: 
 
• A feasibility study concerning the development of the product 
• A literature study concerning the combustible gas process 
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• User requirement analysis 
• Design and implementation. 
 
The design was basically divided into three components.  The first was the 
selection of the right detector and filters suitable for the CO2 spectrum to be 
measured. A more expensive type of detector could have been selected with a 
higher response rate, but at a higher cost. The hardware circuit design forms the 
second part of the design. The third component of the design is concerned with 
the development of the housing for the electronic circuits that were completed in 
order to comply with the user requirements. 
 
The results of experiments on the response to the absorption of IR energy, 
repeatability, accuracy and stability of the instrument formed part of this study. 
These tests indicated that the instrument developed in this study is superior to the 
current imported commercial instruments in terms of accuracy and measurement 
stability. Secondary advantages of the instrument are that they are user friendly 
and cost effective.       
  
7.2 Future Work 
 
At this point it can be said that the project’s initial and major groundwork has 
been completed and a prototype instrument has been implemented. Apart from the 
positive contribution of this instrument, the results were still not very accurate. 
Patients that do in fact have a disorder could occasionally be indicated as normal. 
If the amino acid levels are very low, due to fasting, but the organic acid levels 
are elevated, it could result in a “normal” total organic content measured. The low 
and high carbon concentrations cancel each other. On the other hand, the results 
from the instrument are only indicating the possibility of a disorder. No indication 
is given to the metabolic pathway in which the disorder could be lying.  
 
While developing this handheld IR CO2 gas detector or instrument, a few ideas 
for new developments arose and were listed as the development of the project 
progressed. Opportunities lie in the development of software around the 8051 
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microcontroller to improve the classification techniques of the more than 80 
organic materials in urine or water. 
 
If an instrument can measure these constants immediately, time and costs will be 
kept to a minimum. This will inflict on the quality of the product and is thus of 
utmost importance. The instrument must be simplistic in order to allow operation 
by relatively unskilled operators since not many people would be able to derive 
these complex formulas. Final calibration of the IR CO2 gas detector will need to 
be done in the field where it’s ultimate practicability can be assessed.       
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APPENDIX A 
 
MISCELLANEOUS TYPICAL GAS RESPONCES 
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RESPONSE TO 5.4% METHANE STD. CELL 
 
 
 
 
 
 
 
 civ 
 
 
 
 
RESPONSE TO 2.2% PROPANE STD. CELL 
 
 
 
 
 
 
 
 
 cv 
 
 
 
RESPONSE TO 5% PROPANE STD. CELL 
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RESPONSE TO 1% BUTANE STD. CELL 
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RESPONSE TO 15% BUTANE STD. CELL 
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RESPONSE TO 2.69% ETHYLENE STD CELL 
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RESPONSE TO 3.3% ETHANOL STD. CELL 
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RESPONSE TO 3% ETHANOL STD. CELL 
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RESPONSE TO 0.1% CO2 STD. CELL 
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RESPONSE TO 0.25% CO2 STD. CELL 
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RESPONSE T0 0.5% STD. CELL 
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RESPONSE TO 2% CO2 STD. CELL 
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RESPONSE TO 3% CO2 STD. CELL 
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RESPONSE TO 3.5% CO2 STD CELL 
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APPENDIX B 
 
DATA SHEETS 
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APPENDIX C 
 
 
FLOW DIAGRAM 
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 cxx 
; Stepper motor 
; port definitions 
; output ports 
Q1  equ  P1.3 
Q2  equ  P1.2 
Q3  equ  P1.1 
Q4  equ  P1.0 
Motor equ  P1 
; stepping sequence 
st1  equ  0FAh  ;keep the high nibble all ones 
st2  equ  0F8h 
st3  equ  0F9h 
st4  equ  0F1h 
st5  equ  0F5h 
st6  equ  0F4h 
st7  equ  0F6h 
st8  equ  0F2h 
 
; origin at the beginning of RAM 
;  org  8000h 
; program starts here 
start: 
 mov p1, #st1  ; first step 
 lcall delay 
 mov p1, #st1  ; first step 
 lcall delay 
 mov p1, #st1  ; first step 
 lcall delay 
 mov p1, #st1  ; first step 
 lcall delay 
 mov p1, #st1  ; first step 
 lcall delay 
 mov p1, #st1  ; first step 
 lcall delay 
 mov p1, #st1  ; first step 
 lcall delay 
 mov p1, #st1  ; first step 
 lcall delay 
 mov p1, #st1  ; first step 
 lcall delay 
; this ends the stepping sequence 
;sjmp     ; repeat forever 
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; subroutines 
delay: 
 mov rl, #80h 
loop1: 
 mov r0, #0 
loop2: 
 djnz r0, loop2 
 djnz rl, loop1 
 ret 
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